Full configuration interaction calculations are presented for the helium dimer employing large basis sets. Using the best basis, which contains up to h-type basis functions and several closely spaced sets of bond functions, the interaction energy was calculated for a variety of internuclear distances in the range 4.0 to 12.0 bohr. The best calculated values for the He 2 interaction energy are Ϫ10.947 K at 5.6 bohr ͑the van der Waals minimum͒ and ϩ294.90 K at 4.0 bohr ͑on the repulsive wall͒. The interaction energy at 4.0 bohr differs significantly from the most recent semiempirical potential of Aziz and Slaman ͓J. Chem. Phys. 94, 8047 ͑1991͔͒, indicating that this potential is too attractive around 4.0 bohr. Using a more generally accessible basis, containing only up to f -type basis functions and only one set of bond functions, the interaction energy was calculated to be Ϫ10.903 K at 5.6 bohr and ϩ294.96 K at 4.0 bohr. These results show that functions of higher than f symmetry and bond functions distributed over several centers are necessary for obtaining highly accurate results, particularly at the van der Waals minimum. Our results may be used to benchmark more approximate methods. The CCSD͑T͒ method is estimated to underestimate the full CI interaction energy by 0.33 K at 5.6 bohr and by 2.0 K at 4.0 bohr.
I. INTRODUCTION
The potential energy curve for He 2 has been the subject of both experimental and theoretical work for a long time. In the last two decades, calculations of increasing sophistication were performed, narrowing the uncertainty in the calculated well depth in the vicinity of 0.1 K ͑1 hartreeϭ315 777 K͒. At the same time combinations of experimental data and theoretical reasoning have yielded semiempirical potentials of comparable accuracy.
The current best semiempirical potential, labeled LM2M2, 1 has a well depth of 10.97 K at 5.61 bohr. A recent ''exact'' quantum Monte Carlo calculation gives a well depth of 11.01Ϯ0.1 K. 2 The quantum Monte Carlo method is exact in that it requires no mathematical or physical approximations beyond those of the Schrödinger equation within the Born-Oppenheimer approximation. 3 However, the method suffers from statistical errors that are rather large.
The best orbital based theoretical ͑ab initio͒ calculations give results in the range 10.87 ͑Ref. 4͒, 10.89 ͑Ref. 5͒ to 10.92 ͑Ref. 6͒ K. These theoretical calculations employ standard quantum-mechanical methods, and therefore, they do not suffer from statistical errors. However, they do suffer from various other sources of uncertainty, like basis set incompleteness and incompleteness of the configuration interaction ͑CI͒ expansion. They may also suffer from basis set superposition errors ͑BSSE͒ if the calculations are not properly set up.
The problem of incompleteness of the CI expansion can be solved simply by performing a full configuration interaction ͑full CI͒ calculation. Since there are only four electrons in He 2 , full CI calculations on this system, employing large basis sets, are feasible nowadays.
The completeness of the basis set can never be determined with absolute certainty. However, we have developed procedures to check the convergence of various components of the interaction energy. In this way we have obtained saturated polarized basis sets 6 that describe both the polarization dispersion energy 7 and the first-order ͑correlated͒ interaction energy 8 accurately. Regarding the BSSE, it has been demonstrated recently that the counterpoise recipe 9 yields interaction energies that correspond precisely ͑to machine precision͒ to the basis set and correlation method at hand. 10 For a full CI calculation the theoretical arguments apply even more directly.
Full CI calculations with large basis sets can be used to benchmark more approximate correlation methods. Recently, Woon 11 presented benchmark calculations on He 2 , Ne 2 , and Ar 2 , using augmented correlation consistent basis sets. The systematic saturation of function space of these basis sets lends itself to extrapolation for estimating complete basis set limits. The calculations were performed using the MP4 and CCSD͑T͒ methods, and in the case of He 2 full CI calculations were also carried out, where feasible. However, the full CI complete basis set limit for the He 2 well depth is estimated to be 10.74 K, still more than 0.1 K above the semiempirical value and previously published ab initio results. 4 -6 In this paper, we report full CI calculations with a saturated polarized basis set developed previously, 6 containing up to h-type basis functions and several sets of bond functions. The large sets of bond functions make the basis set almost linearly dependent. This basis will be used to estimate the complete basis set limit of the He 2 interaction energy and to calculate an ab initio full CI potential for the helium dimer.
The saturated polarized basis set is not an ideal basis to use in benchmark calculations, because of the rather complicated manipulations required to remove the dependency. Therefore we also perform full CI calculations in a large basis set containing just up to f -type basis functions and a single large set of bond functions.
II. METHODOLOGY
The interaction energy is calculated in the supermolecular approach, using the counterpoise procedure of Boys and Bernardi 9 to avoid the BSSE ͑basis set superposition error͒.
This is achieved by subtracting from the dimer energy the monomer energies calculated in the full basis set of the dimer rather than in just their own basis set:
Basis set details are given in Tables I and II. Basis LARSAT  155 is a LARge, SATurated polarized basis set developed previously. 6 It contains up to h-type polarization functions and a large set of bond functions, distributed over several centers. This makes the basis set ͑within machine precision͒ linearly dependent. To remove this dependency, we used the method developed previously 6 for construction of numerically stable basis sets that include large sets of bond functions. For this, the metric matrix has to be diagonalized. In this case, the diagonalization was carried out on each of the subblocks of different symmetry separately. The 155-function basis set obtained by removing six eigenfunctions with small eigenvalues, behaves numerically stable in the CI calculations.
Basis STAND159 contains only up to f -type basis functions and the bond functions are placed only at the midpoint of the intermolecular bond, circumventing the occurrence of dependencies in this way. The atomic centered part of STAND159 is shown in Table II . The set of bond functions is identical to the one used by Tao and Pan. 12 Basis STAND 159 is a 159-function standard basis set that can be used to benchmark more approximate correlation calculations and is therefore shown more explicitly.
All full CI calculations were performed in D 2h symmetry. Throughout the calculations, Gaussian orbitals with spherical harmonics for angular parts were used. The full CI 
III. RESULTS
The calculations were performed on a CRAY-YMP and on a CRAY-C98. The largest calculations ͑i.e., those with basis LARSAT155͒ involved about 18 million determinants and required about 400 megabyte of main memory, 4 gigabyte of diskspace, and 7 hours of computertime for each point on the CRAY-YMP.
The results are shown in Table III . For comparison, CEPA-1 ͑Refs. 16 and 17͒ and MP2 ͑Ref. 18͒ calculations, employing the same basis sets, have been performed as well. Singles and doubles coupled-cluster calculations, without ͑CCSD͒ and with the perturbative approximation for inclusion of triple excitations ͓CCSD͑T͒ 19 ͔, have been performed using basis STAND159. The CCSD and CCSD͑T͒ calculations were carried out using the MOLPRO92 20, 21 package. ͑The CCSD and CCSD͑T͒ calculations were performed at the Environmental Molecular Sciences Laboratory, Pacific Northwest Laboratory, Richland, WA 99352.͒ The dispersion energy is the component of the interaction energy that is the most sensitive to the quality of the basis set. To show the efficiency of the basis also the ͑BSSE-free͒ polarization dispersion energy 22 E disp is given. Our previous best results for E disp were Ϫ154.7 K at 4.0 bohr and Ϫ17.08 K at 5.6 bohr. 6 These results were obtained with basis LARSAT150, which is almost identical to LAR-SAT155 ͑the only difference is the deletion of five extra bond functions in LARSAT150͒. At 5.6 bohr, both the full CI interaction energy and E disp are the same for the two basis sets. At 4.0 bohr however, E disp is larger by as much as 0.2 K for LARSAT155, but the full CI interaction energy is lowered by only 0.03 K. Probably, the five extra bond functions in LAR-SAT155 not only improve the polarization dispersion energy, but also its exchange counterpart. This exchange dispersion energy is not included in E disp , but it is included in the full CI interaction energy, and changes in this energy component are more heavily felt at shorter internuclear distances.
A similar behavior is observed on going from basis STAND159 to LARSAT155. At 5.6 bohr the gain in E disp ͑i.e., Ϫ0.04 K͒ is reflected in a similar increment in the full CI interaction energy. It can be concluded that for this distance the gain in the interaction energy is almost completely due to the improved polarization dispersion energy. At 4.0 bohr however, the gain in E disp is Ϫ0.37 K, whereas the full CI interaction energy changes by only Ϫ0.06 K. This probably arises from an increase in the exchange dispersion energy. Moreover, the correlation energy to the atomic energy is less accurately described in LARSAT155, as is exemplified by the total dimer energy. This may result in a less attractive intra-atomic correlation contribution to the interaction energy.
Although it is practically impossible to determine the completeness of the basis set with absolute certainty, we estimate that further enlargement of basis LARSAT155 will affect the interaction energies by no more than 0.5 and 0.01 K at 4.0 and 5.6 bohr, respectively. The estimates are based on the present results and our previous basis set convergence studies. 6 These studies indicate that E disp has converged to a precision of 0.3 K at 4.0 bohr and 0.01 K at 5.6 bohr. Moreover, enlargement of the intracorrelating part of the basis set has a negligible effect ͑i.e., 0.1 K at 4.0 bohr and 0.002 K at 5.6 bohr͒ upon the interaction energy. The He 2 interaction energies at 4.0 and 5.6 bohr are therefore established to be ϩ294.9Ϯ0.5 K and Ϫ10.95Ϯ0.01 K, respectively. The uncertainty in the interaction energy is larger at 4.0 bohr than at 5.6 bohr ͑both in absolute value and in percentage of E disp ͒, because basis LARSAT155 is optimized at the equilibrium distance.
Considering the extreme accuracy of our results, the effect of the Born-Oppenheimer approximation and the neglect of relativistic effects may be important and will need some consideration. Liu and McLean 5 have argued that these effects are probably small, on the scale of their estimated computational error. Luo et al. 23 estimated the effect of retardation, which reduces the R Ϫ6 dependence of the potential to R Ϫ7 in the limit of large R. They found that retardation changes the He 2 well depth at 5.6 bohr by ϩ0.009 K and the interaction energy at 4.0 bohr by about ϩ0.02 K, values comparable in magnitude to our estimated error limits.
The less negative results obtained by basis STAND159 are probably mainly due to the lack of high-angular momentum polarization functions and the inferior set of bond functions ͑only at the midpoint of the intermolecular bond͒ of basis STAND159. Bond functions are most effective in the equilibrium region of the potential. In the short range region large sets of bond functions will be of less importance, because the atomic centered functions extend well into the intermolecular bond and thus are adequate for a representation of the intermolecular overlap density. The results obtained with basis STAND159 are therefore somewhat better at 4.0 bohr than at 5.6 bohr.
As can be seen from 11 He studied the helium dimer using the augmented correlation consistent basis sets of Woon and Dunning. 24 The complete basis set limit for the He 2 interaction energy at the equilibrium distance was estimated to be Ϫ10.55 K for CCSD͑T͒ and Ϫ10.74 K for full CI. This rather poor result may be the result of the absence of bond functions in the correlation consistent basis sets or to uncertainties in the extrapolation procedure.
To set up a full CI potential, we calculated the He 2 interaction energy with our current best basis, LARSAT155, at some selected interatomic distances. Table IV presents a comparison of the full CI results with the ab initio VVVVR 1, 6 potential ͑based on MRCI calculations with basis set LARSAT150, which is almost identical to LARSAT155͒ and the semiempirical potential LM2M2 of Aziz and Slaman. 1 The MRCI results are very good, but still the VVVVR potential is a little too repulsive over the whole range and especially around the van der Waals minimum. We conclude that the 37-MRCI approach 6 slightly underestimates the He 2 interaction energy.
The interaction energy at 4.0 bohr differs significantly from the semiempirical value. This indicates that the LM2M2 potential of Aziz and Slaman 1 is too attractive around 4.0 bohr. Indeed a revised potential, named HFD-B3-FCI1, made to run nearly through these FCI results, gives results within an accuracy that now exceeds that of the best measurements.
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IV. CONCLUSIONS
Full configuration interaction energies for the helium dimer were carried out using large basis sets including bond functions.
With the best basis set, containing several sets of bond functions, the He 2 interaction energy was calculated for a variety of internuclear distances in the range 4.0 to 12.0 bohr. The full CI interaction energy was calculated to be Ϫ10.95 Ϯ0.01 K at 5.6 bohr ͑the van der Waals minimum͒ and ϩ294.9Ϯ0.5 K at 4.0 bohr. It is concluded that the semiempirical potential LM2M2 1 is too attractive around 4.0 bohr.
With a more generally accessible basis set, containing only up to f -type basis functions and only one set of bond functions, interaction energies were obtained that are too repulsive by 0.04 K at 5.6 bohr and by 0.06 K at 4.0 bohr. These results can be used to benchmark more approximate correlation methods. As an application, the CCSD͑T͒ method is shown to yield results that are too repulsive by 0.33 K at 5.6 bohr and by 2.0 K at 4.0 bohr. Methods like CEPA, CCSD, and particularly MP2 are found to be unsuitable for accurate work on He 2 . For MP2 the deviations from the full CI result are as large as 20 K at 4.0 bohr and 4.2 K at 5.6 bohr.
The results indicate that functions of higher than f -symmetry and bond functions distributed over several centers are necessary for obtaining highly accurate results, particularly at the van der Waals minimum. 
